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Abstract The potential for predation by the sea stars Asterias rubens and Marthasterias
glacialis on seed-size (41 ± 3 mm shell height) juvenile scallops (Pecten maximus), ready
for seeding in sea ranching areas, was investigated in a 30-day laboratory predation
experiment. There was no significant difference (P [ 0.05) in predation rate of large
A. rubens (95–115 mm radium) and large M. glacialis (120–164 mm radius), which
averaged 0.88 and 0.71 scallops individual-1 day-1, respectively. Maximum rates of
predation were 2.44 scallops individual-1 day-1 for large A. rubens and 3.00 scallops
individual-1 day-1 for large M. glacialis. Small M. glacialis (76–87 mm radius) had a
significantly lower predation rate than large individuals of either species (average 0.13
scallops individual-1 day-1, P \ 0.05). Small A. rubens (50–80 mm radius) only began to
prey on scallops when average scallop size was reduced to 35 mm. Based on estimated
density of sea stars at a Norwegian sea ranching site and average predation rates, a
population of scallops seeded at 10 m-2 would be reduced by between 0.5 and 11% in
1 month. Furthermore, using the highest observed predation rate, the degree of loss of
scallops indicated that scallop culture via sea ranching would not be economically viable
and thus methods for reducing scallop predation by sea stars are necessary.
Keywords Pecten maximus  Sea star  Scallop  Predation  Sea ranching 
Asterias rubens  Marthasterias glacialis
Introduction
A variety of scallop species are harvested and cultured around the world, accounting for
approximately 11% of global mollusc production in 2008 (Fisheries and Agriculture
Organisation [FAO] 2010). As a result of increasing demand, there has been increased
development of scallop farming. Sea ranching of scallops utilises the sea bottom to grow
seeded scallops to commercial size. During sea ranching, a population of seeded scallops
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may be reduced by dispersion and predation within the sea ranching area (Cliche et al.
1994; Hatcher et al. 1996; Minchin 2002). Thus, the rate of survival of seeded scallops,
termed the survival rate, is determined by the level of losses from dispersion and predation
during the sea ranching phase. Sea stars and crabs are generally thought to have the largest
predatory impact on seeded scallops of a variety of species (Barbeau and Scheibling 1994a;
Barbeau and Scheibling 1994b; Cliche et al. 1994; Barbeau et al. 1996; Hatcher et al. 1996;
Barbeau et al. 1998; Strand et al. 2002; Grefsrud et al. 2003; Wong and Barbeau 2003,
2005; Wong et al. 2005), although fish also may reduce numbers of smaller scallops
(Strohmeier et al. 2006). Trials have shown that fencing areas of the seabed can limit the
access of crabs to seeded scallops (Strand et al. 2004); however, methodologies commonly
used to exclude crabs do not exclude sea stars. Sea stars are often removed using different
devices or are caught in traps (Hoshikawa et al. 1997; Martin and Proctor 2000). Chemical
control or biological control methods using other sea star species (for example, the pre-
dacious sea star Crossaster papposus) have also been proposed (Spencer 2002).
The king scallop, Pecten maximus, is a candidate for sea ranching on the west coast of
Norway. During sea ranching, fences have been shown to reduce predation by brown crabs
resulting in increased P. maximus survival from\5 to 89% (Strand et al. 2004). Although
both crabs (Grefsrud et al. 2003; Strand et al. 2004) and fish (Strohmeier et al. 2006) have
been identified as potential predators on P. maximus in Norway, there is no known study of
the impact of sea stars. The sea stars Asterias rubens and Marthasterias glacialis are
important bivalve predators in shallow water ecosystems in western Norway (Wiborg
1946). Scallops may escape from predatory sea stars following contact using a swimming
escape response (Barbeau and Scheibling 1994a; Wong and Barbeau 2003, 2005;
Himmelman et al. 2005; Nadeau et al. 2009). Hatchery reared scallops, however, may have
a less well-developed escape response than wild scallops (Minchin et al. 2000; Lafrance
et al. 2003; Brokordt et al. 2006) and, therefore, may be more susceptible to sea star
predation. Predation by A. rubens on the mussel, Mytilus edulis, has been the focus of most
prior A. rubens research (O’Neill et al. 1983; Norberg and Tedengren 1995; Saier 2001;
Gallagher et al. 2008), although there have been some studies of Asterias vulgaris, con-
sidered synonymous with A. rubens (Clark and Downey 1992), on several scallop species
(Barbeau and Scheibling 1994a, b; Wong and Barbeau 2003, 2005). Only a few studies
have considered the predatory activity of M. glacialis (Penney and Griffiths 1984; Frid
1992; Verling et al. 2003).
It has been suggested that recovery rates of[25% are necessary for scallop sea ranching
production to be economically viable (He´bert et al. 2006). In Norway, however, scallops
are seeded after intermediate culture ([30 mm), so that [60% of the seeded individuals
must be harvested for the culture to be economically viable (Skjæggestad and Magnesen
2006).
Better understanding of the predation rates of sea stars will help to improve culture
practices and increase recovery rates. The present study report results of laboratory
experiments which evaluated the rate at which A. rubens and M. glacialis prey upon
juvenile scallops ready for seeding and the potential impact of predation.
Methods
The experiment was carried out at the Department of Biology, University of Bergen,
between 8 September and 7 October 2009 (maximum experimental period 30 days). A
total of 15 tanks were prepared for the experiment by introducing a coarse shell-sand
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substrate bottom. Water flowed out from near the bottom of the tank. Tanks were provided
with water from 105 m depth, filtered to 50 lm with partial UV-treatment. Water tem-
perature and salinity measurements were made regularly using a WTW Cond 315i hand-
held meter. Temperature was kept at 14.9 ± 0.5C (ambient natural temperature)
throughout the experiment, and salinity varied between 34.5 and 34.6 ppt. The light regime
was 13:11 light/dark at the start of the experimental period, decreasing to 11:13 (natural
light cycle in Bergen, Norway; N60.22.881 E5.19.924).
Scallops were from spawning local broodstock in 2008 and were grown in intermediate
culture from the autumn of 2008 until the time of the experiment. At this time, the scallops
were ready for seeding at sea ranching localities at Norskjell AS (Huglo, Norway; N59.500
E5.5056). Prior to introduction to the tanks, any fouling on the scallop shell was removed
using a sharp knife to standardise the outer appearance of each shell. Twelve tanks
(1 9 1 9 0.6 m, 600 l water) were stocked (10 scallops m-2) with hatchery produced
scallops (Pecten maximus; 41 ± 3 mm) from Scalpro AS. Three control tanks without
predators (dimensions 0.6 9 0.6 9 0.6 m, filled to 180 l), each containing 10 scallops
from the same size distribution as the experiment, were monitored daily for survival during
the course of the experiment. The scallops were introduced to the experimental tanks and
allowed to recess in the substrate. Sea stars (Asterias rubens and Marthasterias glacialis)
were collected from the actual sea ranching locality, randomly allocated to groups (N = 3)
according to size (measured from the mouth to the end of a normal arm) as shown in
Table 1. Each size class was replicated three times. Sea star size reflected the actual size
distribution at the sea ranching site.
Table 1 Sea star sizes, replicate distribution (tank), the number of scallops eaten, and the experimental
period for each replicate of the treatment (size groups) in the main experiment
Treatment
and
replicate
Sea star
size (mm;
mean ± SD)
Tank #
08.09.09?
Scallops
eaten 1st
period
Tank #
23.09.09?
Scallops
eaten 2nd
period
Experiment
end date
Total
period
(days)
Total
scallops
consumed
Large M.G. 144 ± 14 175
1 142 ± 21 3 12 15 55 07.10.09 30 67
2 141 ± 10 4 0 13 21 03.10.09 26 21
3 150 ± 3 14 42 7 45 03.10.09 26 87
Small M.G. 81 ± 4 35
1 82 ± 6 6 3 8 8 06.10.09 29 11
2 79 ± 1 9 1 4 4 06.10.09 29 5
3 83 ± 3 15 6 14 13 06.10.09 29 19
Large A.R. 103 ± 8 165
1 107 ± 10 7 21 10 31 03.10.09 26 52
2 104 ± 7 8 40 9 45 03.10.09 26 85
3 98 ± 6 13 1 3 27 03.10.09 26 28
Small A.R. 64 ± 11 0
1 63 ± 15 5 0 12 0 27.09.09 20 0
2 67 ± 18 10 0 6 0 27.09.09 20 0
3 62 ± 12 12 0 5 0 27.09.09 20 0
Experimental period was dependent on availability of replacement scallops
MG, marthasterias glacialis; AR, asterias rubens
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After 1 week of the experiment, one large A. rubens was found to be missing an arm.
The same was seen in another of the large A. rubens replicates after 17 days. These sea
stars were removed from their respective tanks as previous studies have indicated that
autotomised sea stars exert less predation pressure (Ramsay et al. 2001; Barrios et al.
2008), and the average predation rate was adjusted.
All experimental tanks were examined each day (approximately 11am) to count the
number of dead scallops. All dead scallops (empty shells) were removed from the tank and
were replaced to keep prey density constant. All scallops removed from tanks were
assumed to have been eaten by sea stars. New scallops for the experiment were received in
two batches and held in a small tank (max volume 200 l) with flowing seawater.
Due to variable predation between tanks, the groups of sea stars were removed from their
original tanks after 13 days and the entire group was re-distributed to a randomly selected
tank (see Table 1). Predation rate for each tank was calculated as the number of scallops
eaten per day per individual sea star, and the average predation rate was taken over the
duration of the experimental period. Where relevant, predation rate was calculated for pre-
and post-move experimental periods. The end of the experimental period (Table 1) varied
with tank dependent on the availability of scallops to maintain scallop density in the tanks.
On 27 September 2009, after 3 weeks of observing no predation by small A. rubens, the
scallops were removed from the tanks and replaced with significantly smaller scallops
(34.8 ± 0.3 mm shell height). Scallop mortality was monitored daily for 1 week.
Sea star density was estimated by two divers picking all sea stars in an area of
62,500 m2 (N = 1,008, L. Nordveit, pers. comm). Estimates of sea star population species
composition were made based on 5 transects of 20 m length and 1.725 m width
(T. Strohmeier, pers. comm.). This information was used in combination with the exper-
imental predation rates to estimate the potential predation rate on newly seeded scallops.
Potential predation was calculated by the formula:
Potential predation ð% of seeded populationÞ ¼ Nscallop=PredPot
where Nscallop was the estimated number of scallops within the area occupied by one sea
star, and PredPot was the upper predation rate or average predation rate (where applicable)
for 1 month from experimental work.
Statistical analysis was carried out in SPSS (version 15.0, SPSS Inc., U.S.A) and R for
Mac OS (version 2.12, R: A language and environment for statistical computing R
Foundation for Statistical Computing, Austria). The difference between average predation
rates per individual for M. glacialis and A. rubens was tested using a paired t test assuming
equal variance following a F test for sample variance. The difference in slope of the
regression lines was tested using a one-way ANOVA. All tests were assumed significant
when P \ 0.05.
Results
The average daily predation rate of large Marthasterias glacialis (144 ± 14 mm radius)
and large A. rubens (103 ± 8 mm radius) was 0.71 ± 0.4 and 0.88 ± 0.5 scallops indi-
vidual-1 day-1 (mean ± SD), respectively (Fig. 1). There was no significant difference
(P [ 0.05) between the two species in the large size class. Large M. glacialis, held in the
fourth tank, did not prey upon scallops until they were moved to a different tank. The
predation rate of small M. glacialis (81 ± 4 mm radius) was 0.13 ± 0.1 scallops indi-
vidual-1 day-1, significantly lower than that of large M. glacialis and large A. rubens.
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Predation by small A. rubens (64 ± 11 mm radius) on scallops 41.3 ± 0.8 mm was not
observed during the main experiment. Predators were thereby only 1.6 times the shell
height of the scallop. When provided with significantly smaller scallops (34.8 ± 0.3 mm),
the small A. rubens began to prey on scallops (Fig. 2) in 2 of 3 tanks at an average rate of
0.33 (±0.47) and 0.29 (±0.36) scallops individual-1 day-1 (mean ± SD). The radius of
small A. rubens was 1.8 times the shell height of the smaller scallops.
Both large M. glacialis and A. rubens showed increased predation rates over the
duration of the experiment (Fig. 3). The highest average daily predation rate, in a single
tank, during the experiment was recorded at 2.44, 3.00, and 0.44 scallops individual-1
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Fig. 1 Average daily predation rate by the sea stars Asterias rubens (AR) and Marthasterias glacialis (MG)
of differing size, upon juvenile scallops (Pecten maximus) over the course of a 30-day experiment. Vertical
bars represent standard error of the mean
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Fig. 2 Size–frequency distribution of scallops eaten or not eaten by small (64 ± 11 mm) Asterias rubens
during a feeding experiment. Scallops not eaten were randomly distributed amongst 12 tanks including 3
tanks containing 3 small A. rubens. Scallops were provided at a density of 10 m-2, and thus those not eaten
could be any 30 from the above size distribution. Size of scallops eaten were measured after A. rubens had
consumed the scallop
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day-1 for large A. rubens, large M. glacialis, and small M. glacialis, respectively. The
predation rate of all three groups continued to increase following transfer to a different tank
(post-move, Fig. 3). The increase in predation rate was significantly greater (P \ 0.05)
after transfer (post-move). The average daily predation rate prior to tank change (Fig. 4)
was significantly different from the post-move predation rate for large M. glacialis and
large A. rubens (P \ 0.05), but not significant for small M. glacialis (P = 0.06).
Divers estimated sea star density at the Huglo sea ranching site (Norskjell AS) as 1 sea
star per 50 m2, with M. glacialis and A. rubens representing 78 and 22% of the sea stars
collected, respectively (T. Strohmeier and L. Nordtveit, pers. comm.). In a month, large
M. glacialis could on average consume 2.7%, or at the highest rate 11%, of a seeded
population. Whilst A. rubens had a similar predation rates, the predation potential based on
local densities was much lower; 0.9% as average and highest rate 3% of the population per
month.
There was no mortality in the holding tank containing additional prey scallops, and only
2 of 30 scallops died over the duration of the 26-day experiment in the three control tanks.
Discussion
Results showed predation rates ranged between no predation to a daily average predation
rate of 3 scallops individual-1 day-1. The higher estimates of daily predation rate were
greater than the predation rates (0.2–2.5 scallops individual-1 day-1) found by Wong and
Barbeau (2003) and Himmelman et al. (2005) for Placopecten magellanicus, but the
average was consistent with the average P. magellanicus predation rate (0.9 scallops
individual-1 day-1) reported by Nadeau et al. (2009). In the current experiment, sea stars
had a higher chance of encountering scallops; the ability of scallops to escape was
restricted by tank walls and this may lead to overestimation of predation rate (Barbeau
and Scheibling 1994a; Wong and Barbeau 2003). We maintained prey density at 10
scallops m-2 on a daily basis. In the field, prey density is likely to be reduced as scallops
either disperse or as they are consumed by predators. The predation rate of large indi-
viduals of both species increased over the course of the experiment. The gradual change
in predation rate after moving large A. rubens and large M. glacialis is directly attrib-
utable to one tank of each species beginning to prey upon scallops following transfer.
A similar pattern was seen by Barrios et al. (2008), when observing sea star predation on
mussels in a 4 week period. In comparison, small M. glacialis individuals appeared to
prey upon scallops at a relatively constant rate which may have reflected their smaller
size.
The experimental period (21–30 days) was long in comparison with previous studies of
sea stars feeding on scallops. The extension of an experiment by Barbeau and Scheibling
(1994a) did not result in a reduction in variance, suggesting that sea star feeding behaviour
is naturally erratic. Our 21–30 day experiment provided evidence that the feeding rate of
A. rubens and M. glacialis naturally varies, despite constant conditions. The slope of the
daily predation rates following transfer to new tanks is exaggerated by a slight depression
of predation rate following movement between tanks. Both sea star species are highly
plastic consumers and are thereby able to change their diet according to prey availability
(Thrush 1988 and references therein). Animals with a flexible diet should, in theory, have a
flexible digestive system which alters activity to optimise digestion in response to different
food types (Penry and Jumars 1986). The diet of sea stars prior to transfer to the laboratory
was unknown, and some of the sea stars may not have been acclimated to scallops as prey
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items prior to initiation of the experiment. Thus, increased predation over the course of the
experiment could reflect an increased digestibility of the scallop prey as the digestive
system became acclimated. In addition, predation rates may have increased as sea stars
became familiar with the capture methodology required for scallop prey (Landenberger
1968; Murdoch 1969).
There is an array of factors that may be involved in prey choice decisions, including the
ease of capture, size relationships between predator and prey and the energetic value of
prey items (Menge 1972). During our experiments, no scallops larger than 37 mm shell
height were eaten by small Asterias rubens (\60 mm radius). Sea star prey may find a
refuge in size, whereby they can not physically be consumed by sea stars (Menge 1972) or
because the energetic and time investments needed for capturing and consuming that prey
item exceed the energetic gain (Gaymer et al. 2001). A number of studies have reported an
apparent preference for prey of a certain size (Frid 1992; Barbeau and Scheibling 1994a;
Norberg and Tedengren 1995; Sommer et al. 1999) and larger sea stars may be more
efficient at opening scallops, as seen for the oyster (Needler 1941) and mussel (Penney and
Griffiths 1984). Scallop size may affect predation rates by sea stars because larger scallops
have a more intense escape response reaction than smaller scallops (Barbeau and
Fig. 3 Average daily predation rate by large Marthasterias glacialis (a), large Asterias rubens (b), and
small M. glacialis (c) divided in two periods; pre-move (black) and post-move (grey). Lines indicate fitted
linear model (p \ 0.05)
Aquacult Int
123
Scheibling 1994a; Barbeau et al. 1994). If the size distribution within a local sea star
population is known, then it may be possible to seed scallops once they have reached a
size, which minimises the risk of predation (Barbeau et al. 1996).
Temperature was controlled at about 15C during the current experiment, which was
the same as ambient temperature at the sea ranching location at the beginning of Sep-
tember and similar to the average water temperature for Norwegian fjords on the south
west coast around September (Strand and Brynjeldsen 2003). Temperature has been
shown to affect predation rates of sea stars (Sloan 1980; Gaymer et al. 2002; Gil and
Zaixso 2007) by altering search time, movement velocity, and encounter rate (Watts and
Lawrence 1990; Barbeau and Scheibling 1994b; Barbeau et al. 1994). Sea star feeding
rates at different temperatures can have a strong impact on the predation pressure placed
upon newly seeded scallops. Barbeau et al. (1994) suggested that the success of bottom
culture may be improved by seeding scallops at low temperatures thus inducing a pro-
tective refuge for newly seeded scallops by seeding in water temperatures which reduce
predatory activity, as documented for scallop density and alternative prey by Wong et al.
(2005). However, care must be taken to ensure that the seeding temperature is also
appropriate for scallop juvenile survival. Results have shown that P. maximus suffered
high mortalities below 2C (2–4C leads to 52–100% mortality), and mortality rates less
than 30% only occurred when the minimum temperature was 4–5C (Strand and Bryn-
jeldsen 2003). Given that water temperatures in south west Norway are generally too low
to allow for scallop handling during the winter, the best time to seed scallops for maximal
survival would be after cleaning and recovery in July or August, when temperatures are
above 10C. However, this corresponds to increased potential predation pressure from sea
stars; an alternative solution could be to hold the scallops in intermediate culture longer,
increasing the size of the prey. Wong et al. (2005) found that the presence of both other
prey (mussels) and reduced densities slowed the predation rate of sea stars. Despite the
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Fig. 4 Predation rate of sea stars Asterias rubens (AR) and Marthasterias glacialis (MG) of differing sizes,
on scallops (Pecten maximus) over the course of the experiment, divided into two groups; pre-move (08
September–20 September 2009) and post-move (21 September–08 October 2009). Vertical bars indicate
standard error of the mean
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final density of scallops being the same independent of treatment, reduced density could
have resulted in lower losses.
In our experiment, tanks originally contained sea stars at densities of 3 sea stars m-2.
Natural densities of adult (50 to 130 mm radius) A. rubens in sub tidal areas have been
reported at around 0.2 ± 0.01 m-2 (Saier 2001). M. glacialis may attain densities of up to
2 m-2 down to 6 m depth (Verling et al. 2003). Divers found a density of approximately
0.02 sea stars m-2 (or 1 sea star 50 m-2) at the Huglo sea ranching site (T. Strohmeier and
L. Nordtveit, pers. comm.). High density aggregations of A. rubens have been found to
occur at dredging sites (Dare 1982; Veale et al. 2000; Saier 2001). Increased predation
rates at higher densities may reflect improved capture probability (Barbeau et al. 1998;
Wong and Barbeau 2005), and the presence of conspecifics is thought to stimulate feeding
through chemosensory signals and contact (Gaymer et al. 2002). Sea star populations have
been shown to increase following introduction of scallops for sea ranching (Cliche et al.
1994; Barbeau et al. 1996; Hatcher et al. 1996; Barbeau et al. 1998; Silina 2008), and
furthermore, aggregations of sea stars have been shown to move between years, and these
changes have overlapped with areas of high scallop densities (Marino et al. 2009). The
current study indicated that a population of seeded scallops could be reduced by 0.5–11%
per month. Our estimates of potential predation were likely to be overestimates due to
dispersion and possible reduced predation at reduced density. However, at the estimated
predation rates, this would represent a significant mortality of 20–30% of seeded scallops
in a 3 month summer period during high temperatures. Large M. glacialis had the highest
estimated potential predation rate per month.
Results of this study emphasise the importance of sea star size when controlling pre-
dation on newly seeded scallops. Increased knowledge about the density and size structure
of the local sea star population, and methods for preventing build up of sea star biomass,
will be needed to reduce predation on seeded Pecten maximus.
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